Abstract: Sidelobe reduction is a very primary task for synthetic aperture radar (SAR) images. Various methods have been proposed for broadside SAR, which can suppress the sidelobes effectively while maintaining high image resolution at the same time. Alternatively, squint SAR, especially highly squint SAR, has emerged as an important tool that provides more mobility and flexibility and has become a focus of recent research studies. One of the research challenges for squint SAR is how to resolve the severe range-azimuth coupling of echo signals. Unlike broadside SAR images, the range and azimuth sidelobes of the squint SAR images no longer locate on the principal axes with high probability. Thus the spatially variant apodization (SVA) filters could hardly get all the sidelobe information, and hence the sidelobe reduction process is not optimal. In this paper, we present an improved algorithm called double spatially variant apodization (D-SVA) for better sidelobe suppression. Satisfactory sidelobe reduction results are achieved with the proposed algorithm by comparing the squint SAR images to the broadside SAR images. Simulation results also demonstrate the reliability and efficiency of the proposed method.
Introduction
Synthetic aperture radar (SAR) transmits linear frequency modulation (LFM) signals and receives the backscattered echoes from Earth observation scenes. Typically, SAR images can be obtained with high spatial resolution by different image formation techniques when SAR works in broadside or slightly squint modes. However for some special applications, only squint mode SAR can satisfy such demands. In comparison, the squint SAR provides more mobility and flexibility. However, their severe echo signal range-azimuth coupling issues make squint SAR imaging algorithms more complicated than those for broadside SAR [1, 2] .
The impulse response of a point target in one dimension can be written as a sinc function (sin(πx)/(πx)) in the image domain [3] . For a strong scatterer, its sidelobe energy falls off gradually away from the mainlobe. If a weak scatterer happens to locate in the sidelobe regions of the strong scatterer, it can be masked or distorted easily when the sidelobe energy of the strong scatterer is much higher than the mainlobe energy of the weak scatterer. Therefore, it is very important to find an effective sidelobe reduction algorithm.
Various methods have been presented to control the sidelobe levels for SAR imagery [3] [4] [5] [6] [7] [8] [9] . Bidimensional linear apodization has been applied to data in frequency domain, which removes sidelobes for SAR images at the expense of some resolution degradation [3] . 
The above three constraints can be simplified as: 
The SVA algorithm for non-integer Nyquist sampling rate may be seen as a filter with 3-point convolver. Define g(m) to be either the real or imaginary component of the image, and m is an index number running over the image pixel. So the SVA-filtered image can be expressed as: 
The above three constraints can be simplified as:
The SVA algorithm for non-integer Nyquist sampling rate may be seen as a filter with 3-point convolver. Define g(m) to be either the real or imaginary component of the image, and m is an index number running over the image pixel. So the SVA-filtered image can be expressed as:
In order to get the value of g'(m), the following steps are implemented independently on both the real and imaginary parts of the image [4].
1. Calculate the value of g'(m) for ω1 = 0 and ω1 = ω1_max (the upper limit of Equation (9)). 2. If the two values of g'(m) are opposite in sign, the output equals to zero at pixel m. 3. Otherwise, the output equals to the lowest magnitude. 
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D-SVA for Non-Integer Nyquist Sampled Imagery
This section introduces a double-SVA (D-SVA) algorithm for non-integer Nyquist sampling rate, which has much lower sidelobe level than SVA and costs less computational complexity as well as time than 5-taps filter algorithm.
Additional SVA Algorithm
From the above section, it is observed that Equation (5) is a special form of Equation (4). If the sampling points take the integers that are rounded up, it is given by:
where · means rounding up. Similarly, Equations (9)- (11) can be rewritten as:
The new output signal in image domain can be expressed as:
g"(m) can be derived by executing the following steps:
1. Calculate the value of g"(m) for ω 1 = 0 and ω 1 = ω 1_max (the upper limit of Equation (13)).
2.
If the two values of g"(m) are opposite in sign, the output equals to zero at pixel m.
3.
Otherwise, the output equals to the lowest magnitude.
As shown in Figure 3 , the over sampled signal is a sinc function in continuous time domain (blue line), and the red asterisks are the original sampling points. The green dots in Figure 3a are SVA processed result and the black triangles in Figure 3b are additional SVA processed result. It can be observed that Figure 3a ,b have the same sampling amplitude of the mainlobe, but the sampled amplitudes of their sidelobes are different. 
D-SVA for Non-Integer Nyquist Sampled Imagery
This section introduces a double-SVA (D-SVA) algorithm for non-integer Nyquist sampling rate, which has much lower sidelobe level than SVA and costs less computational complexity as well as time than 5-taps filter algorithm. 4.1.1. Additional SVA Algorithm From the above section, it is observed that Equation (5) is a special form of Equation (4). If the sampling points take the integers that are rounded up, it is given by:
where      means rounding up.
Similarly, Equations (9)- (11) can be rewritten as:
1. Calculate the value of g"(m) for ω'1 = 0 and ω'1 = ω'1_max (the upper limit of Equation (13)). 2. If the two values of g"(m) are opposite in sign, the output equals to zero at pixel m. 3. Otherwise, the output equals to the lowest magnitude.
As shown in Figure 3 , the over sampled signal is a sinc function in continuous time domain (blue line), and the red asterisks are the original sampling points. The green dots in Figure 3a are SVA processed result and the black triangles in Figure 3b The outputs of D-SVA are the results selected from the SVA and additional SVA. By comparing the SVA processed result g (m) and the additional SVA processed result g (m) at any pixel m, if either g (m) or g"(m) is zero, the pixel equals to zero; otherwise, the pixel takes the minimum value. Figure 4 shows the D-SVA processed result compared to other algorithms. In Figure 4 , the red asterisks are the original sampling points, the green dots are the SVA processed result, the black triangles are the additional SVA processed result, and the red circles are the final outputs using D-SVA for corresponding pixels. The outputs of D-SVA are the results selected from the SVA and additional SVA. By comparing the SVA processed result g'(m) and the additional SVA processed result ''( ) g m at any pixel m, if
is zero, the pixel equals to zero; otherwise, the pixel takes the minimum value. Figure 4 shows the D-SVA processed result compared to other algorithms. In Figure 4 , the red asterisks are the original sampling points, the green dots are the SVA processed result, the black triangles are the additional SVA processed result, and the red circles are the final outputs using D-SVA for corresponding pixels. 
Specturm Correction for Squint SAR Images
At present, various SVA algorithms have been applied to broadside SAR images [3] [4] [5] [6] [7] [8] [9] . But for squint SAR images, there are only a few papers proposed for sidelobe reduction [9] . When SAR is in squint mode, its antenna is not perpendicular to the flight path. The range and azimuth sidelobes are no longer parallel to the image principal axes (rows and columns). As shown in Figure 2 , the impulse response for a point target has poor results after SAR signal processing and imaging processing (RMA). Therefore, the traditional SVA algorithms could hardly get all the sidelobe information, and the sidelobe level is still unbearable.
It should be noted that the support region for squint SAR images in 2-D frequency domain is not the same as the broadside SAR. This results in rotated sidelobe directions for the point targets that are not parallel to the principal axes. By applying the phase shift term, the squint SAR's spectral shape can be transformed similarly to the broadside SAR whose range and azimuth sidelobes are vertical.
The Fourier transform pair can be written as:
Their two-dimensional expressions are given by:
According the Fourier transform property, the following two equations are given by:
The definition of time shifting is given by:
The effect of a time shift on a signal is to introduce a phase shift 0 2 ft   in its transform. 
According the Fourier transform property, the following two equations are given by: The definition of time shifting is given by:
The effect of a time shift on a signal is to introduce a phase shift −2π f t 0 in its transform. SAR image data is recorded as g(x,y), in which x and y represent the azimuth and range of the image, respectively. As shown in Figure 5 , define α as the range sidelobe correction angle between the original range sidelobe and the corrected range sidelobe, and the corresponding time delay in time domain as k 1 y:
Similarly, in Figure 5 , define the azimuth sidelobe correction angle as β, and the corresponding time delay is k 2 x:
The squint SAR spectrum is:
when k 2 = 0 and k 1 = 0, from Equations (24) and (26):
Therefore, the range corrected spectrum is given by:
where exp −j2πξk 1 y is the phase shift term determined by the range sidelobe correction angle, k 1 = tanα , and α is the estimate angle for range sidelobes. When k 1 = k 1 , the range sidelobes are corrected after azimuth Inverse Fourier Transform (IFT). The azimuth sidelobes are corrected after the range sidelobe correction, and the expression is given by:
From Equations (25) and (27), the following transformation holds
Therefore, the azimuth corrected spectrum is given by:
where exp{−j2πηk 2 x} is the phase shift term determined by the azimuth sidelobe correction angle, k 1 = tanβ , and β is the estimate angle for azimuth sidelobes. When k 2 = k 2 , the azimuth sidelobes are corrected after range IFT.
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where   According to the time shifting property, the squint SAR image can be corrected as the broadside SAR image. The corrected data can then accomplish sidelobe suppression by applying the D-SVA algorithm. Since the range and azimuth sidelobes are both changed after correction, while the space geometrical relation of the SAR image is also changed [16] , it is necessary to recover the original space According to the time shifting property, the squint SAR image can be corrected as the broadside SAR image. The corrected data can then accomplish sidelobe suppression by applying the D-SVA algorithm. Since the range and azimuth sidelobes are both changed after correction, while the space geometrical relation of the SAR image is also changed [16] , it is necessary to recover the original space geometrical location of the image after the D-SVA processing. Thanks to the time shifting property, this can be achieved because the range and azimuth direction corrections are invertible.
As shown in Figure 6 , Figure 6a 
Sidelobe Reduction for Squint SAR Images
Sidelobe reduction for squint SAR images includes the following steps.
1. First, transform the squint SAR images E0 into frequency domain and shift the center of the frequency spectrum to the data's center. Then by applying an inverse IFT to the data in time domain, the new data E1 is recorded.
Range sidelobe correction
Apply FT to the azimuth of E1. According to the sidelobe directions of the strong scatterer, estimate the range sidelobe angle αy, so: 
Sidelobe Reduction for Squint SAR Images
1.
First, transform the squint SAR images E 0 into frequency domain and shift the center of the frequency spectrum to the data's center. Then by applying an inverse IFT to the data in time domain, the new data E 1 is recorded.
2.
Range sidelobe correction Apply FT to the azimuth of E 1 . According to the sidelobe directions of the strong scatterer, estimate the range sidelobe angle α y , so:
where 
3.
Azimuth sidelobe correction
Apply FT to the range of E 2 . According to the sidelobe directions of the strong scatterer, estimate the azimuth sidelobe angle α x , so:
4.
Use D-SVA to process the range and azimuth, obtaining E 4 . 5.
Use azimuth phase shift term to rotate the azimuth sidelobes for E 4 :
6. Use range phase shift term to rotate the range sidelobes for E 5 :
7.
At each spatial location, select the minimum value between E 6 and E 1 as output.
To summarize, Figure 7 is the flowchart of the sidelobe reduction algorithm for squint SAR images.
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Use azimuth phase shift term to rotate the azimuth sidelobes for E4:
6. Use range phase shift term to rotate the range sidelobes for E5:
7. At each spatial location, select the minimum value between E6 and E1 as output.
To summarize, Figure 7 is the flowchart of the sidelobe reduction algorithm for squint SAR images. Table 1 presents the simulation parameters for a squint SAR system. Figure 8 shows the original 40° squint SAR image, which has nine point targets. The sidelobes of the nine targets are seen clearly in Figure 8 . Table 1 presents the simulation parameters for a squint SAR system. Figure 8 shows the original 40 • squint SAR image, which has nine point targets. The sidelobes of the nine targets are seen clearly in Figure 8 . Figures 9 and 10 compare the processed images after the traditional SVA squint SAR image processing and the proposed algorithm. In Figure 9 , the nine point targets' sidelobes dim slightly but are still observable, which means that the sidelobe energy is suppressed to some extent but not all by using traditional SVA algorithm. In comparison, Figure 10 indicates that the squint SAR image sidelobes are suppressed effectively by using the proposed framework. Figures 9 and 10 compare the processed images after the traditional SVA squint SAR image processing and the proposed algorithm. In Figure 9 , the nine point targets' sidelobes dim slightly but are still observable, which means that the sidelobe energy is suppressed to some extent but not all by using traditional SVA algorithm. In comparison, Figure 10 indicates that the squint SAR image sidelobes are suppressed effectively by using the proposed framework. Figures 11 and 12 show the range and azimuth profiles of the nine point targets. The blue line corresponds to the original result of the squint SAR image (Figure 8 ), the green line is the result processed by the traditional SVA (Figure 9 ), and the red line is the result processed by the proposed framework ( Figure 10 ). It is apparent that the traditional SVA algorithm is ineffective for squint SAR image sidelobe reduction while the proposed framework can suppress sidelobes well and keep the resolution at the same time. (Figure 8 ), the green line is the result processed by the traditional SVA (Figure 9 ), and the red line is the result processed by the proposed framework ( Figure 10 ). It is apparent that the traditional SVA algorithm is ineffective for squint SAR image sidelobe reduction while the proposed framework can suppress sidelobes well and keep the resolution at the same time.
Simulation Results and Analysis
(a31) (a32) (a33) (a31) (a32) (a33) Table 2 presents the sidelobe reduction results for the nine point targets. It indicates that the traditional SVA algorithm is ineffective for the squint SAR image sidelobe reduction, in which the peak sidelobe ratio (PSLR) of the nine point targets' range and azimuth only decreased slightly. On the other hand, the nine point targets' PSLR all fell below −30 dB by using the proposed framework. The proposed algorithm is further compared with the method in reference [9] . Figure 13 presents the sidelobe reduction results of the center point (a22) as shown in Figure 8 . Figure 13a is the processed result by using the method of Reference [9] . From this figure, it can be observed that the Table 2 presents the sidelobe reduction results for the nine point targets. It indicates that the traditional SVA algorithm is ineffective for the squint SAR image sidelobe reduction, in which the peak sidelobe ratio (PSLR) of the nine point targets' range and azimuth only decreased slightly. On the other hand, the nine point targets' PSLR all fell below −30 dB by using the proposed framework.
The proposed algorithm is further compared with the method in reference [9] . Figure 13 presents the sidelobe reduction results of the center point (a22) as shown in Figure 8 . Figure 13a is the processed result by using the method of Reference [9] . From this figure, it can be observed that the point target's sidelobes are suppressed to some extent, but they are still traceable in the processed image. Figure 13b is the processed result by using the proposed method. The point target's sidelobes are suppressed very well and can hardly be seen in this figure. Figure 14 is the comparison results for the range and azimuth profiles between the two algorithms, in which Figure 14a presents the range profiles, and Figure 14b presents the azimuth profiles. In Figure 14 , the line with red asterisks is processed by our proposed method (method 1) and the line with black triangles is processed by the method of [9] (method 2). As shown in Figure 14 , it indicates that our proposed method has a better sidelobe reduction result for both the range and azimuth directions. In addition, it should be noted that the method of [9] costs much more time by using 5-taps SVA method. Figure 15a is the unprocessed image and Figure 15b is the processed image. This image shows a farm near Tianjin with a corner reflector in the center of the test scene. It's a C-band SAR system, whose resolution is 3 m and the equivalent squint angle is 40°. As backscatter intensity of the corner reflector far exceeds the background image, the sidelobes of the corner reflector in the image appears obviously. After D-SVA algorithm processing, the sidelobes of the corner reflector has been significantly suppressed. The corner reflector is common calibration equipment for SAR system. The Figure 15a is the unprocessed image and Figure 15b is the processed image. This image shows a farm near Tianjin with a corner reflector in the center of the test scene. It's a C-band SAR system, whose resolution is 3 m and the equivalent squint angle is 40°. As backscatter intensity of the corner reflector far exceeds the background image, the sidelobes of the corner reflector in the image appears obviously. After D-SVA algorithm processing, the sidelobes of the corner reflector has been Figure 15a is the unprocessed image and Figure 15b is the processed image. This image shows a farm near Tianjin with a corner reflector in the center of the test scene. It's a C-band SAR system, whose resolution is 3 m and the equivalent squint angle is 40 • . As backscatter intensity of the corner reflector far exceeds the background image, the sidelobes of the corner reflector in the image appears obviously. After D-SVA algorithm processing, the sidelobes of the corner reflector has been significantly suppressed. The corner reflector is common calibration equipment for SAR system. The result based on real scene can effectively verify the experimental conclusion of this paper.
(a) (b) Figure 15a is the unprocessed image and Figure 15b is the processed image. This image shows a farm near Tianjin with a corner reflector in the center of the test scene. It's a C-band SAR system, whose resolution is 3 m and the equivalent squint angle is 40°. As backscatter intensity of the corner reflector far exceeds the background image, the sidelobes of the corner reflector in the image appears obviously. After D-SVA algorithm processing, the sidelobes of the corner reflector has been significantly suppressed. The corner reflector is common calibration equipment for SAR system. The result based on real scene can effectively verify the experimental conclusion of this paper. 
Conclusions
A novel two-dimensional sidelobe suppression algorithm using D-SVA is proposed for squint SAR images. In this paper, the sidelobe distribution of squint SAR image is approximately corrected to broadside SAR image by introducing the shift phase term, and the D-SVA algorithm can accurately process the sidelobe energy of any squints angle. This algorithm's computational efficiency is twice as fast as SVA. It can reduce the sidelobe energy efficiently without degrading resolution. This algorithm is independent of imaging algorithm and is capable to reduce sidelobes for all squint SAR images. It simplifies the sidelobe reduction process by skipping frequency domain interpolation and sampling parameters recalculation. The D-SVA algorithm can also be applied directly to broadside SAR images for sidelobe reduction, which can achieve better sidelobe suppression results than the SVA algorithm.
